Abstract: A field experiment was conducted during the 2009 and 2010 growing seasons to determine the effect of subsurface drainage (SSD) on evapotranspiration (ET) and crop coefficients (K c ) for a farm field in the Red River Valley of North Dakota. The total area of the field was 44 ha, half of which had subsurface drainage installed in the fall of 2002 at an approximate depth of 1.1 m and a spacing of 18.3 m. Corn (Zea mays) was planted in 2009 and soybean (Glycine max) in 2010. Evapotranspiration rates were measured in both the SSD and surface drained [or undrained (UD)] by using the eddy covariance (EC) method. The changes in water table and soil moisture content were monitored continuously in both fields. The K c for corn and soybean was developed by using the ET measured by the EC system, and the reference ET was estimated by using the American Society of Civil Engineers Environmental and Water Resources Institute alfalfa reference method. As expected, the use of SSD affected the ET in a seasonal pattern and the ET was crop dependent. Seasonally, higher ET was observed during spring and fall in the UD field attributable to shallower water table and higher soil moisture content. In the summer, a higher ET was found in the SSD field. 
Introduction
Evapotranspiration (ET) is a combined process of evaporation and transpiration. ET can be measured via soil water mass balance or energy balance approaches, or estimated indirectly utilizing crop coefficient (K c ) and reference ET (ET ref ) (Jensen et al. 1990 ). The ET ref could be estimated by using weather parameters, such as air temperature, solar radiation, wind speed, and relative humidity. Among all the methods of estimating ET ref , the American Society of Civil Engineers, Environmental and Water Resources Institute (ASCE-EWRI) method by Allen et al. (2005) is considered as the standardized and widely accepted method.
Lysimeter and eddy covariance (EC) are widely used direct methods to measure the actual ET, and have been considered as the standard methods (Farahani et al. 2007; Marek et al. 2006; Wilson et al. 2001) . Measuring ET by using a lysimeter could be very challenging in humid regions or in areas with a shallow water table (Jia et al. 2006) , because it is difficult to measure all components of the water balance while maintaining the same environmental conditions inside and outside the lysimeters (Allen and Fisher 1990) . The soil water balance method for ET estimation has been widely used in North Dakota. However, measurement of all water balance components becomes impossible in areas that have capillary rise and fluctuating water table (Nachabe et al. 2005) . Use of lysimeters for deep-rooted plants is difficult to perform because field conditions are difficult to reproduce and the crop is subjected to water stress and root development (Berliner and Oosterhuis 1987) . Moreover, both the lysimeter and soil water balance methods are subject to site disturbance and provide only a point ET measurement.
Excess water in the crop root zone not only disturbs field operations, but also reduces crop yields. Subsurface drainage (SSD) is often used to maintain an optimal water table and soil moisture content of the root zone (Skaggs and Schilfgaarde 1999; Ayars et al. 2006) . The SSD also can help to improve the root zone aeration and the trafficability of the field, and support easy planting and harvesting of the crops.
Application of the SSD system changes the quantity of water in the field and the surface water system that it drains to (Skaggs et al. 1994) . Many studies have investigated the effect of SSD on field hydrology and water quality (Skaggs et al. 1994; Kahlown and Azam 2002) , with few on ET, and none that we are aware of on K c development. It is expected that artificial modification of the water table through SSD systems would change the water balance and cause ET variations. Conversely, crop ET can affect the drainage water volume leaving a field, and alter the surface water hydrology and a regional water balance. This study was undertaken with the following objectives: (1) determine the effects of subsurface drainage on ET for corn and soybean, and (2) develop K c for corn and soybean by using the ET measured by the EC system and the ET ref estimated by the ASCE-EWRI method.
Materials and Methods

Study Area
The experimental site (46°00′45″ N and 96°35′47″ W) was located in the southeastern part of North Dakota, south of the town of Fairmount in Richland County. The total area of the experimental site was 44 ha, which was divided into two treatments: SSD field (≈22 ha), and undrained (UD) field (22 ha). Within the SSD field, 50% of the field (11 ha) also had a subirrigation (SI) treatment (Fig. 1 ). There was no isolation device installed between the SSD and the SI fields, therefore, a small amount of irrigation water could flow into the SSD field. The SSD system was installed in August 2002 at an approximate depth of 1.1 m and a spacing of 18.3 m (Jia et al. 2012) . The main drainage pipe was located on the east side of the field extending to the outlet buried at a depth of 1.8 m.
The experimental site has a typical continental climate. The average monthly air temperature varies from −14°C in January to 22°C in July. The area is covered by snow for 4-5 months (Nov-Mar). During that period, it has below-freezing air temperature. The average annual precipitation of the study area is 557 mm, with the major rainfall events observed from May to September [North Dakota Agricultural Weather Network Center (NDAWN) 2011].
Experimental Layout
Two alleys, each 3 m wide and 366 m apart, were cleared in the field running north to south through the entire field (Jia et al. 2012 ). All field instruments were installed within those alleys, which were also used for transportation and movement in the field. A lift pump was installed at the northeastern corner of the field. The drainage and subirrigated water volumes were measured at the pump lift station (Scherer and Jia 2010) . A standard National Weather Service manual rain gage and an automatic rain gage were installed at the northeastern corner of the field. A weather station with a complete EC system was installed in each of the UD and SSD fields. Instruments or sensors used in this project were either newly purchased or calibrated before installation. Table 1 shows the complete instrument setup. In 2009, the EC stations were operated from June 2 to November 18; corn was planted on May 17, emerged on May 27, and harvested on November 18. In 2010, the EC stations were operated from May 8 to September 29; soybeans were planted on May 22, emerged on June 1, and harvested on September 30. The ET measurement instruments were set up after planting and removed before harvest to avoid interference with field operations. The EC stations were raised as crops grew during the season to maintain a clearing distance such that the source area (footprint) of the measurements was mostly confined within the extent of each subfield (Zhang et al. 2010) . Corn and soybean reached approximately 2.6 m and 0.9 m, respectively, and the maximum height of the EC stations was 3 m.
Instrumentation
In fall 2007, 24 observation wells were installed along the two alleys. In each alley, four wells were installed in the UD portion and eight wells in the SSD portion. Observation wells in the SSD field were located at 1, 4, 7, and 10 m from the SSD pipes (Fig. 1) . Water level transducers (Model U 20-001-01, Onset Computer, Pocasset, MA) were installed in each well. Water level changes were automatically recorded at 30-min intervals. The water level in each well also was measured manually on a weekly basis.
Six sets of Hydra Probe II (Stevens Water Monitoring Systems, Portland, OR) soil moisture sensors were installed at different depths in the SSD, SSD þ SI, and UD fields. Twelve soil moisture sensors were installed at two locations and at six different depths: 15, 30, 45, 60, 90, and 120 cm from the soil surface. The location of the two sets of soil moisture sensors in the SSD field were 4 m and 7 m from the SSD line; in the UD field, the two sets were 3 m apart from each other.
Weather parameters and energy fluxes were measured by using the EC system (Table 1 ). The EC system measures wind speeds, temperature, and humidity at a frequency of 10 Hz, and computes ET directly from the vapor flux (Campbell and Norman 1998) . The EC system has been used widely in the United States (Sumner 2001; Jia et al. 2007 Jia et al. , 2009 Castellvi and Snyder 2010) and around the world (Testi et al. 2004; Li et al. 2008; Zermeno-Gonzalez et al. 2010) . The EC system measures the ET above the crop canopy, overcomes site disturbance, and abolishes the need to measure individual components of the water balance; therefore, it is independent of the soil surface condition (Twine et al. 2000; Sumner 2001 ). Compared to point measurements by a lysimeter, the EC system has a source area approximately 100 times the sensor height above the crop canopy extending in the upwind direction (Campbell and Norman 1998) . The actual size of source area (fetch distance) depends on the height of the instrument above the top canopy and the stability of the boundary layer. The Hsieh et al. (2000) model was used to estimate the source area, and the height of the EC stations was adjusted as the crop grew such that the source area was within the field under typical conditions in the region.
Evapotranspiration Calculation
The ET system measures the sensible heat flux (H) from the covariance between the vertical wind speed and temperature and the latent heat flux (LE) from vertical wind speed and water vapor density (Sumner 2001) . Following Jia et al. (2007 Jia et al. ( , 2009 , the LE (W=m 2 ) and H ðW=m 2 Þ were calculated as Only daytime values were used, whereas at night, the energy fluxes were negligible because net radiation was considered as zero. Data from the KH20 hygrometer may not have been available in the early morning and after rainfall because of vapor in its lens.
The LE estimated in every half hour was corrected for temperature-induced fluctuations in air density (Webb et al. 1980 ). The sensible heat flux was corrected to account for the difference between the virtual and actual air temperature. Both sensible heat flux and the latent heat flux were corrected for the error attributable to natural wind coordinate system (Baldocchi et al. 1988) , and the average vertical wind speed was forced to zero. The Bowen ratio method was used to close the energy balance for each 30 minute period (Twine et al. 2000) . This Bowen ratio closure method assumes that the EC system measures the Bowen ratio correctly. Moreover, it overcomes the underestimation of the LE flux measured by the EC system (Sumner 2001; Twine et al. 2000) . The modified Priestley Taylor (PT) approach was used to fill in the missing LE values (Priestley and Taylor 1972) . The required empirical coefficient (α) in the PT equation was determined from the available LE, H, R n , G, and temperature data by using Eq. (3). The exact monthly value of α, which varied from 0.74 to 1.23 during the experiment, was used to estimate the missing LE in that month instead of 1.26 given by Priestley and Taylor (1972) by using the equation
where α = PT constant; λE = latent heat flux in W=m 2 ; R n = solar radiation in W=m 2 ; G = soil heat flux in W=m 2 ; Δ = slope of the saturation vapor pressure curve in Pa=°C; and γ = psychrometric constant in Pa=°C. The total soil heat flux G was calculated as
where G 8 cm = measured soil heat flux at 8 cm depth; and S = energy stored by the soil. Following the soil heat flux sensor manufacturer (Campbell Scientific, Inc. 2007) , the stored soil energy is estimated as
where ΔT s = difference in soil temperature (°C) recorded at two different depths of 2 and 6 cm, respectively; C s = heat capacity of the moist soil in J=°C; d = required depth of measurement in m (0.08 m); and t = time interval between the measurement in seconds (1,800 s). C s can be estimated from
where ρ b = bulk density, which was measured as 1;120 kg=m 3 and 1;310 kg=m 3 for the soil in the SSD and UD fields, respectively; C d = heat capacity of dry mineral soil (840 J=kg°C); Θ v = soil moisture content in cm 3 =cm 3 ; ρ w = density of water (assumed constant as 1;000 kg=m 3 ); and C w = heat capacity of water (4;910 J=kg°C).
In 2010, because the soil heat flux sensors malfunctioned, the total soil heat flux was estimated by using the equations
for day and night times, respectively, where T 1 and T 2 (°C) are the temperatures of the soil at 2 cm and 6 cm depths, respectively; t1 and t2 denote the times at which the temperatures were recorded; d = depth of soil for which the soil heat flux is to be calculated; SWC = soil water content of the soil at that depth; and K = thermal conductivity of the soil. The soil moisture during the experiment was approximately 0.4 cm 3 =cm 3 , so the corresponding value for K is 1.6 W=mK (Hillel 1998) . The same method also was applied to 2009 data as a crosscheck, and the G values that were estimated by using the two methods [Eqs. (4)-(6) versus Eqs. (7) and (8)] agreed well with each other, with R 2 values of 0.75 and 0.8 in the SSD and UD fields, respectively (Rijal 2011 ).
Development of Crop Coefficients
The crop coefficients for corn and soybean for both SSD and UD fields were estimated as the ratio of daily ET values measured by the EC system and daily ET ref values calculated from the ASCE-EWRI alfalfa reference method by using data from the Wahpeton NDAWN weather station (Allen et al. 1998 (Allen et al. , 2005 . The K c values from this study also were compared with Stegmen et al. (1977) and Steele et al. (1996) , who developed their polynomial K c curves by using ET measured with the soil water balance method and reference ET calculated with the Jensen-Haise (JH) method (Jensen and Haise 1963) . Because Stegmen et al. (1977) developed their K c curves for the days past emergence and Steele et al. (1996) constructed their K c curve on the basis of days past planting, we only consider the K c values after the days past emergence in the comparison. If the K c values increased at the end of the season because of the mathematical artifact of using polynomials, the lowest K c value was used at the tail of the curve or at the end of the growing season.
Statistical Analysis
One-way analysis of variance (ANOVA) was conducted by using Sigma Plot (11.0) (Systat Software Inc., Chicago, IL) to compare the daily ET in the SSD and UD fields. The data were tested for normality by using the Shapiro-Wilk test. If the normality test failed, Kruskal-Wallis one-way ANOVA was conducted. Similarly, K c values between the SSD and UD fields were compared for both corn and soybean by using ANOVA and Student's t-test at a confidence interval of 95%.
Results and Discussion
Daily Evapotranspiration
Daily ET values for corn and soybean in the SSD and UD fields are shown in Figs. 2 and 3 for 2009 and 2010, respectively. Higher ET was observed during the summer and early fall (from July through September) for both crops in both fields, and lower ET in spring, consistent with crop development. However, there are annual ET differences between the two crops and seasonal ET differences between the two water management treatments.
The total ET for July and August 2009, calculated as the sum of daily ET values, was 239 mm in the SSD corn field, 31% higher than the ET values in the UD field (183 mm). Similarly, during July and August 2010, the total ET for soybean in the SSD field was 267 mm, 14% greater than that in UD field (234 mm). The ET values in spring and fall were much smaller than the ET in the summer. Higher ET rates in spring and fall, which were 109 and 191 mm in [2009] [2010] in the UD fields, compared with 105 and 176 mm in the SSD field for the two years, did not offset the higher ET in the SSD field in the summer. The summer ET rates were 310 and 351 mm in 2009-2010, compared with 249 and 324 mm in the UD field in the two years, respectively. Considering the entire growing season, the ET in the SSD field was 415 mm, 16% higher in 2009 compared to that in the UD field. In 2010, the ET in the SSD field was 399 mm, only 7% higher than that in the UD field. The highest ET value, 6.44 mm=day, occurred on July 23, 2009 and July 18, 2010, which coincided with the most sensitive stage for crop water requirement, i.e., tasseling and silking for corn and pod development for soybean.
In the SSD field, higher ET was observed during the peak growing season, especially from late June to the end of August. In the UD field, higher ET was found in spring and fall. Although the higher ET in the SSD field in July and August was related to higher crop transpiration, the higher ET in the UD field during spring and late fall was attributed to excess water in the field.
The water tables shown in Fig. 4 also exhibited a strong seasonal pattern for both crops, shallower in spring and late fall and deeper from July to September. Although the seasonal variations in the water table are similar between the UD and SSD fields, the SSD field experienced a smaller water table change. In spring and late fall, the water table in the SSD field was relatively deep attributable to pumping water out of the field via the SSD system. From July to September, the average water table in the SSD field was shallower than that in the UD field by approximately 0.2 m, because water was conserved in the soil. During the same period, the water table in the UD field was near the bottom of the wells.
The period from July to September (about 45 to 110 days past planting) was the time when crops demanded higher amounts of water for their vegetative and reproductive growth. Corn needs maximum water during the tasseling and silk stages (approximately 65-75 days after planting) and throughout the reproductive stage. Likewise, soybean demands maximum water during the pod filling period (60-70 days after planting) and throughout maturity. Consequently, the water table also decreased during the same period because of removal of water from the root zone by corn and soybean through ET process. A decrease in water table with the rise in ET rate also was observed by Skaggs and Schilfgaarde (1999) and Nachabe et al. (2005) . As shown in Figs. 2-4, both ET rates and water table were greater in the SSD field than that in the UD field during this rapid growing period. This is because water supplied from the conserved water pool in the soil maintained the water level depth, which in turn supported the capillary rise and maintained the optimal soil moisture in the root zone in the SSD field. During the higher water demand period, the water conserved in the soil played a vital role in supporting water uptake by plant roots because the controlled drainage system maintains the water table at the required depth (Tan et al. 2002) . Soil moisture measurements confirmed that in both fields, the available soil moisture in the root zone (down to 135 cm depth) exceeded 50% of the total available soil moisture during most of the time in the growing season for both 2009 and 2010 (Fig. 5) , which implied that there was adequate soil moisture available for crop water consumption (Allen et al. 1998) .
A rise in the water table was noticed after each rainfall event. However, the water table in the SSD field was below the SSD line (1.1 m) during most of the growing season.
The seasonal sums of daily ET rates in the SSD field were 16% and 7% higher than the ET rates in the UD field for corn and soybean, respectively. A significant statistical difference (P < 0.001) was found for corn in 2009, but no statistical difference (P ¼ 0.31) was found for soybean in 2010.
The ET rates in July-August 2009 were higher in the SSD field compared to the ET rates in the UD field with a significant statistical difference (P < 0.001). However, no statistical difference was found between the daily ET for the SSD and UD fields in JulyAugust 2010, probably because frequent rainfall events might have supplied sufficient moisture to both fields.
Crop Coefficient
Daily K c values for corn and soybean were calculated from the ratio of daily ET measured by the EC system and daily ET ref calculated by using the ASCE-EWRI alfalfa reference surface using data obtained from the NDAWN Wahpeton station [North Dakota Agricultural Weather Network Center (NDAWN) 2011] . Monthly average K c values for corn and soybean are shown in Tables 2  and 3 , respectively. For both crops, the monthly K c values in the SSD field were higher in June, July, and August than that in the UD field. In both fields, the highest monthly K c for corn was observed in August and that for soybean was in July. Over the entire growing season, the daily K c values developed from the ET by using the EC method and the ET ref calculated from the ASCE-EWRI alfalfa reference surface for both crops exhibited a statistical difference (P < 0.05) between the SSD and the UD fields (data not shown).
Both the corn and soybean crop coefficients showed a similar trend with the K c developed previously by Stegman et al. (1977) ; Steele et al. (1996) , and Allen et al. (1998) ; it was higher during active growing periods (July and August) and lower during the early and late stage of crop development. However, the K c values were different among different methods and that difference was attributed to different water management practices, varieties of corn, and methods used to estimate ET and ET ref (Synder and O'Connell 2007) . Stegmen et al. (1977) used a soil water balance method to estimate the ET and considered only the days not expected to exhibit deep percolation and runoff on the basis of results of 3-5 years field experiments. Steele et al. (1996) measured the ET by using nonweighing lysimeters over 11 years of field experiments, with data intervals ranging from several days to several weeks or longer. Both studies used the ET ref estimated by the JH method to develop corn K c values. Because the JH method ignores the wind function, the K c values in windy periods estimated from the JH method differs from that of ASCE-EWRI method. The experiments of Stegman et al. (1977) and Steele et al. (1996) were conducted at Oakes, ND, 120 km west of the current experimental site, by using sprinkler and above-ground drip irrigation, respectively. The soil type at Oakes was primarily sandy loam versus the clayey soil at the current site. Allen et al. (1998 ), Stegmen et al. (1977 , and Steele et al. (1996) In 2009 and 2010, corn and soybean evapotranspiration rates were measured during the growing season in subsurface drained and undrained fields in the southeastern part of North Dakota. The daily ET rates were higher in the subsurface drained field during summer (July-August) compared to that in the undrained field. In 2009, monthly ET rates for the subsurface drained corn field from July to September were 133, 106, and 71 mm, respectively, 25% higher than the undrained corn field. In 2010, monthly ET rates for the subsurface drained soybean fields were 148 and 118 mm in July and August, 14% higher than the undrained soybean field. ET rates for the entire growing season in the subsurface drained corn field in 2009 and soybean field in 2010 were 16 and 7% higher, respectively, than the associated undrained fields. The corn crop coefficient curves derived from the ET rates by the eddy covariance method and the reference ET by the American Society of Civil Engineers Environmental and Water Resources Institute (alfalfa) method had their highest values in August, which were 0.70 in the subsurface drained field and 0.54 in the undrained field. These values represent the highest water demand by corn during that period. Soybean crop coefficient curves derived from a similar approach had their highest values in July, which were 0.76 and 0.65 in the drained and undrained fields, respectively. During the early and late growing seasons, the crop coefficient values were comparable in both fields. One year of study for each crop may not be sufficient to draw a strong conclusion because the results were affected by the weather conditions. Further work is needed to assess the replicability of the results in time. Allen et al. (1998) and Stegmen et al. (1977) Stegmen et al. (1977) estimated ET by using soil water balance methods.
